As one of the most promising power generation technologies using renewable energy sources, and the solar thermal electric power generation may be developed to alleviate the energy crisis. But it still faces the obstacles of excessive cost and low energy efficiency nowadays. To this end, a method of using heliostats cluster control is proposed to solve the main contradiction in solar tower power plants. In this approach, the entire heliostats field will be divided into a few groups, and a leader heliostat with highprecision closed-loop control is arranged in each group while the remaining heliostats as follower heliostats. On this basis, a leader heliostat tracking model is established and a leader-to-follower heliostat conversion mode is designed. Meanwhile, the posture information of adjacent leader heliostats is communicated to guarantee the tracking reliability. According to the simulation results of this paper, this method not only improves the automation level of solar tower power plants at this stage, but also reduces the computing complexity of the heliostats field control algorithm. Moreover, the proposed method improves the precision of the control, and also reduces the control cost, making the closed-loop control of the heliostats field possible.
I. INTRODUCTION
With the vigorous development of renewable energy, increasing attention has recently drawn to the solar thermal electric power generation. And the solar tower power plant form has become the most promising one in solar thermal electric power generation because of its advantages including short travel path, large scale, stable operation and so on [1] , [2] . However, the high construction cost, high maintenance cost and low energy conversion efficiency still limits its rapid development [3] , [4] . And 50% of its cost comes from the construction and maintenance of the heliostats field. Thereby, how to reduce the cost of the heliostats field and improve its energy conversion efficiency has become one of most important problems to be solved urgently [5] .
To solve the above problem, various solutions have been proposed. Pfahl et al. [6] made several great efforts on cutting down the cost of heliostats comprising: determination of wind The associate editor coordinating the review of this manuscript and approving it for publication was Chaoyong Li. load, solutions for the different sub-functions of a heliostat, a review of commercially available and prototype heliostat designs, canting, manufacturing, qualification, heliostat dimensioning, heliostat filed layout and the mirrors cleaning. Ref. [7] takes the holistic approach in which the authors used the wireless control and energy supply to reduce the amount of steel used, and then cut down the cost by using a low cost drive system. Different from Ref. [7] , the Ref. [8] designs a low cost monolithic sandwich-cantilever-arm concentrator to reduce the cost of the heliostat filed. Leonardi et al. [9] and Li et al. [10] considered the same problem from other aspects. They applied different optimization algorithms to design different heliostat field layout. In this way, the aim of reducing the land costs while increasing energy efficiency is achieved.
In the context of the high cost in solar tower power plants, most of Chinese power plants are reducing the cost by adopting open-loop control without direct sensors at present. In this method, a predetermined speed or a predetermined procedure is input to each of the heliostats which rotates from the east VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ to the west in one day without correction, and only performs zero correction after sunset. However, such a scheme will lead to lower automation level and lower tracking accuracy inevitably [11] . In Ref. [12] , an inexpensive six-axis tracker is designed to solve the problem of the inaccuracy. Similarly, Harper et al. [13] used a cheap light sensor to achieve the closed-loop control of heliostats. Moreover, Liu et al. [14] designed a three parallel axes sun tracking system which is based on the principle of sunflower tracking the sun. Obviously, these all methods may achieve a better control effect than open loop control. But the cost of tracking will also increase inevitably at the same time. The above mentioned is the main contradiction in the heliostats field. If we want to achieve a better tracking effect, it will definitely increase the cost; if we want to reduce the cost, the tracking effect is often not ensured. In this paper, a cluster control strategy is proposed for the heliostat field. In this strategy the goal of reducing the cost of closed-loop control is achieved by reducing the number of sensors in the heliostats field. Nowadays, the coordinated information control of agents is being studied in different kinds of fields, especially in spacecraft [15] , drones [16] , and unmanned vehicles [17] . And a leader-follower strategy is promoted in the coordinated control. In this strategy, a leader agent is introduced, and the remaining follower agents all move based on the information of the leader. Thus the speed of these agents is consistent, and position is closed slowly [18] , [19] . A similar model was also applied to heliostats control in Refs. [20] , [21] , in these two papers, the master-slave heliostats is set to achieve a better concentrating effect of the sunlight under the rotation-elevation mode.
This paper will apply the principle of the leader-follower control strategy to scientifically block the heliostat field, and set one or more leader heliostats in each heliostat group. These heliostats are equipped with high-precision sensors and the real-time feedback correction is made. At the same time, the leader heliostats transmit its attitude information to the follower heliostats, and the information is compensated to different follower heliostats according their different geographical positions. Then, the aim of cluster control is completed. Chen et al had applied this control strategy to tracking control problems and achieved good results [22] , [23] . However, heliostats differ from other kind of vehicle in that we don't need to consider the relationship between the spatial distance position and the velocity acceleration of each individual in general coordinated control, while we only need to consider the orientation problem in the heliostat control. In this respect, the coordinated control of heliostats is not that complicated. However, the cluster control of heliostats is not to achieve a uniform orientation for all heliostats, but each heliostat has its own different orientation. How to transform the information of leader heliostats into the information of the rest of the individuals may be the difficulty of this paper. Through this control method, not only the problem of the closed-loop control of the heliostats can be solved, but also the cost of the heliostats field can be greatly reduced. With the improvement of the accuracy of the sensor and the corresponding detection equipment, this control strategy will be more meaningful for the spot problem and the temperature control of the cavity receiver.
II. LEADER HELIOSTAT TRACKING
In the cluster mode, the accurate tracking of the leader heliostats is the precondition to achieve the heliostats accurate tracking of the whole filed. Adjusting the attitude of heliostats so that the sunlight can be reflected into the target in real time, becomes the key solution to the problem. In elevationazimuth mode, the orientation of the heliostat is determined by the normal vector − → n which is usually represented by its elevation angle hr and azimuth angle Ar. Therefore, we intend to use this mode in this paper to reflect the sunlight accurately into the cavity receiver on the top of the tower by adjusting the elevation angle and azimuth angle of the heliostat, then accomplish higher energy utilization efficiency.
As shown in the Fig. 1 , according to the reflection princi-
as long as the reflected ray vector and the incident ray vector are determined in the heliostats coordinate system, the normal vector of the heliostat can be obtained. Ideally, the reflected ray will be reflected into the cavity receiver. Therefore, the reflection vector is fixed to the vector of the heliostat to the tower top. So, the orientation of the heliostat in the ideal state can be calculated, when the incident ray vector has been determined. In addition, the solar ray vector is also represented by this elevation angle hr and the azimuth angle Ar.
In the modeling process, the difference in the shape of the heliostats has been ignored. Different heliostat size and different heliostat curvature will not affect the control tracking control problem without considering the light energy trace research.
In daily life, we use mean solar time to calculate time. But in engineering calculations, we need to use the apparent solar time to achieve a higher accuracy requirement. The mean solar time of a certain area can be calculated by (1): where T 120 is the Beijing time, min; L loc is the local longitude, the positive number represent east longitude, while the negative number represent west longitude. The difference between the apparent solar time and the mean solar time can be denoted by E.
where B = 360 (n − 81) /364, n represents the nth day of the year. According to the (1)-(3), The apparent solar time of a certain area can be expressed as:
And then, the angular velocity of the sun's rotation may be calculated accurately as (5):
The Cooper equation can be used to find out the sun declination angle.
According to the equation above, the elevation angle hs and azimuth angle As of the sun can be obtained by (7) and (8):
sin (As) = (cos δ sin ω) / cos (hs)
where φ is the local latitude, and it is positive when it is the north latitude, contrarily, it is negative. The incident ray vector − → s can be expressed by the elevation angle and azimuth angle of the sunlight as (9):
− → s = (cos (hs) sin (As) , cos (hs) cos (As) , sin (hs)) (9) Such as the Fig. 2 , a coordinate system is established with the heliostat C as a horizontal plane, and Q is the cavity receiver of the tower power plant. Then, we let C have the coordinate (x C , y C , 0), and the coordinate of Q is 0, 0, z Q . The reflected ray vector − → q can be found as −x C , −y C , z Q . And according to the obtained incident light vector − → s , the normal vector can be known as (10) and (11):
Thus, the elevation angle of the heliostat normal vector is
and the azimuth angle is
then the exact attitude of the heliostat can be determined.
There are many error terms in the tracking of heliostats, which include the linear error of azimuth axis ε 1 and elevation axis ε 2 ; the base tilt error ε 3 and ε 4 ; the feedback error of azimuth angle ε 5 and elevation angle ε 6 ; the nonorthogonality of two axes error ε 7 and mirror tilt error ε 8 [24] . But these eight kinds of errors are generally caused while heliostats installation, and the influence on the tracking accuracy can be greatly reduced by increasing the installation accuracy. Therefore, this paper does not include the consideration of the error term in the modeling.
However, the mirror-pivot offset cannot be reduced or eliminated. Therefore, a compensation algorithm is used to make the optical center of the heliostat and the center of rotation coincide [25] . In the following study, the heliostats will use the coordinates after compensation. As shown in Fig.3 , For (14) solving equations, then the accurate compensated coordinates can be obtained.
where k is a constant. Due to the particularity of the tan function, we should take more explanation on the orientation. If tan (As) is positive while x c is positive, the normal vector points to the northeast. If x c is negative, it points to the southwest. Similarly, if tan (As) is negative and x c is positive, the normal vector points to the southeast, if x c is negative, then it points to the northwest.
In order to complete the closed loop control of the leader heliostats, this paper uses BCS(Beam Characterization System)as the feedback. In this system, a white target, a CCD camera, a corrective light source and corresponding image acquisition equipment are including in each area [26] , [27] . The corrective ray is reflected to the white target which under the cavity receiver, and the spot information is collected through the CCD camera and the image acquisition card. Then the computer will analyze the heliostat spot characteristics, identify the spot center and calculate the deviation of the actual spot position from the ideal spot position as shown in the Fig. 4 [28] . This deviation will be used as the feedback part to complete the closed-loop control of the leader heliostats.
Let the deviation of the spot on the x and y axes be x1, y1, while the coordinate of white target is (0, 0, h 1 ). Then the vector of ideal reflection ray and the vector of actual reflection ray − → r can be calculated as (−x c , −y c , h 1 ) and (−x c , −y c + x 1 , h 1 + y 1 ) respectively. If the corrective ray is − → i , then the actual posture of leader heliostat can be described as − → n = − → r / − → r + − → i / − → |i| . In this way, the leader heliostats correction information will be collected, and the close-loop control of leader heliostats will be achieved.
Based on the above research, this paper intends to take the location of the DAHAN solar tower power plant (116 • 65 E,40 • 25 N) as the simulation object, and the running time period is set from 7:00 to 17:00 in Beijing time [29] . On this basis, we simulated the elevation angle and azimuth angle of the sun ray with N = 90 and 300.
Then we simulated elevation angle and azimuth angle of the heliostats which locate at the coordinate of (50m, 50m) and (−20m, 60m) with N = 90 and 300 respectively. As shown in Fig. 5-8 , it can be seen that the above algorithm of the leader heliostat tracking has a certain degree of precision. And it also laid the foundation for the work after this paper.
III. FOLLOWER HELIOSTATS TRACKING
In the heliostat group, the follower heliostats obtain the rotation information from the leader heliostats. Then, this information is converted into the information of follower heliostats particularly by algorithm according to their own geographical position. Thereby, the goal of controlling the plurality of follower heliostats by controlling one leader heliostat will be achieved.
Once the orientation of the leader heliostat changes, its elevation angle produces j deflection and azimuth angle produce k deflection. Then the leader heliostat normal vector becomes to: − → n = [cos(hr + j) sin(Ar + k), cos(hr + j) cos(Ar + k), sin(hr + j)] (15) The angle θ between the normal vector and the incident ray can be calculated by (16) 
where n(i, :), i = 1, 2, 3 represents the ith row of the n vector;
The changed reflected ray unit vector is
Then, we extend the changed reflected ray vector to the original length and compared with the original reflected ray vector to calculate the deviation by (18):
And the original reflected ray vector of the follower heliostat is
where x,y is the position difference between the leader heliostat and the follower heliostat in the coordinates. The changed reflected ray vector of the follower heliostat can be represented by (20): And its normal vector can be calculated by (21): 
Then the changed elevation angle and changed azimuth angle can be obtained respectively sin(hr 1 ) = sin(hs) + a 1 (3,:)
tan(Ar 1 ) = cos(hs) sin(As) − a 1 (2,:) | − → a 1 | cos(hs) cos(As) − a 1 (1,:)
Through these equations, the rotation information of one heliostat can be converted into the other heliostats. Then the information transfer between heliostats will be realized to achieve the purpose of heliostat cluster control.
We design a heliostat group for simulation according to the location of DAHAN power plant. As shown in the Fig. 9 , a coordinate system of the overhead plane is established with the tower as the origin. The leader heliostat is located at the coordinate (50m, 50m), and the first, second, third and fourth follower heliostats are respectively located at the coordinates (40m, 40m), (60m, 40m), (40m, 60m), (60m, 60m). Then we compare and analyze the angle data of the follower heliostats which are under the individual control and the cluster control respectively on the 300th day of the year.
In Tables 1-3 show, it can be seen that these follower heliostats have almost no tracking error under the cluster control mode. Thus, it can be proved that the attitude information conversion algorithm has higher precision. Moreover, it can also be proved that the proposal of the heliostat cluster control is feasible.
IV. COMMUNICATION BETWEEN LEADER HELIOSTATS
Due to the characteristic of the cluster control, the control accuracy relies on the accuracy of the leader heliostats. In other word, if the attitude of the leader heliostat is deviated, the follower heliostats controlled by it will also get a larger deviation, then resulting in a huge energy loss. In order to avoid this situation to some extent, this paper intends to adopt the mode of information communication between the leader heliostats.
In this mode, the elevation angle and azimuth angle information between adjacent leader heliostats are timed to communicate with each other. As shown in Fig. 10 , set one leader heliostat as leader node A, its adjacent leader heliostat as leader node B. They communicate their attitude information through the information conversion module which has been designed in section 3. And then the attitude is corrected when the leader heliostat is greatly deviated due to external factors, or when the leader heliostat cannot continue tracking due to mechanical damage. This not only can improve the anti-interference of the heliostat control system, but also can provide a possibility for stable and accurate tracking of the heliostat field for a long time.
However, during the simulation, it was found that error will be generated while the information communicated between leader heliostats, resulting in deviations of the reflected ray. The Fig. 11 is the angle error when the information is transmitted from the leader heliostat (0m,50m) to the leader heliostat (50m,50m). By analysis, the error is generated by the inaccuracy of the information conversion calculating, and will increase as the distance between two heliostats increase. Therefore, on this basis, this paper proposes a method to judge and choose the transmitted information.
According to the data statistics, this paper roughly divides the situation into three parts: 1) If the elevation angle and azimuth angle deviation of the leader heliostat are within ±0.02rad and ±0.03rad respectively, it is determined that this leader heliostat is operating normally, and the original attitude information will be output to the corresponding follower heliostat; 2) If the elevation angle and azimuth angle deviation of the leader heliostat are respectively in (−0.1rad, −0.02rad) ∪ (0.02rad, 0.1rad) and (−0.2rad, −0.03rad) ∪ (0.03rad, 0.2rad), it is considered that this leader heliostat has a attitude deviation, and the information of the original heliostat and the information of the adjacent leader heliostat are output in weight according to the golden section method [30] ; 3) If the elevation angle and azimuth angle of the original leader heliostat are greater than ±0.1rad and ±0.2rad respectively, and it is considered that this leader heliostat is faulty and cannot continue tracking, and the attitude information of the adjacent leader heliostat will be output. This strategy can be described by Eq. (24) and Eq. (25): After the judgment of the attitude information, the precision of the cluster control is greatly improved, as shown in the Fig. 12 .
V. SIMULATION
Continue to use the heliostat group designed in Fig. 7 for simulation.
According to the Ref. [31] , the transfer function of the rotary stepper motor is selected as:
The focus of this paper is the tracking effect between the leader heliostat and follower heliostats, and the control effect is not committed to the best. So, we use a simple PID controller as the controller, and the PID controller parameters are calculated by the boundary method.
The 300th day of the year is taken as the simulation background, and the leader heliostat is adjusted from the initial After the line of the leader heliostat is stabilized, then we make the elevation angle and azimuth angle reduce by 0.1rad respectively. We use this way to simulate the control effect of the follower heliostats, when the deviation of the leader heliostat is manually corrected. The tracking effect of the heliostat group is shown in Fig. 15 and Fig. 16 . It can be seen from the simulation results and the corresponding data statistics that there is almost no error between the individual control and cluster control in heliostat group. In other words, when the orientation of the leader heliostats changes, the follower heliostats will also undergo a highprecision change with good real-time performance. It can be considered that the cluster control proposed in the paper is feasible and has high precision. Moreover, the stability of the heliostats group control has been improved after adding the multi-leader heliostats information communication mode.
VI. CONCLUSION
In this paper, a leader-follower cluster control scheme had been proposed to cut down the cost of heliostat closed-loop control and reduce the complexity of heliostats control. The contributions of this paper are as follows:
1) The leader heliostat tracking model was established, and the simulations which based on the heliostats tracking were carried out, so, it was proved that the leader heliostats can track the sun with high precision, then reflecting sunlight to the target area; 2) The information conversion algorithm between heliostats was designed, which ensure that the attitude information of the leader heliostats can be converted to the follower heliostats, then the aim of controlling the follower heliostats while controlling the leader heliostats is achieved, a heliostats group was designed to carry out the error data statistics and analysis of cluster control; 3) The mode of attitude information communication between leader heliostats was proposed to ensure the stability of the heliostat field control, and the error analysis of the information communication mode was carried out, then an algorithm which based on the characteristics of the error is designed to achieve a higher precision control effect.
However, it is not difficult to see that there are still some challenges waiting to be solved. This research only analyzes and simulates a hypothetical heliostat group, not the entire heliostat field. For the different heliostat field layout in reality, how to scientifically block the heliostat groups is still a research content to be solved, and hopes to deepen and solve this challenge in future research. His current research interests are focused on new energy process modeling and control, and industrial big data processing. VOLUME 7, 2019 
